The gas chromatographic analysis of fatty acids has attracted considerable interest. In this analysis, the common derivatives of fatty acids, such as fatty acid methyl esters, can be detected using a flame ionization detector and the mass spectra can indicate the true structure of fatty acids. This paper reviews gas chromatographic methods for obtaining fatty acids from marine organisms. The stationary phase and detector for applications in gas chromatography are discussed. This article also reviews the components of fatty acids in marine animals, marine plants and marine microorganisms.
Introduction
Gas chromatography (GC) has been one of the most widely used commercial analysis techniques for more than half a century. A recent report revealed 800 research publications per year under the broad subject of gas chromatography (1) . With its extensive applications, GC has been used for determining the composition of fatty acids (FAs) and discovering new FAs in marine organisms (2) (3) (4) (5) . The scientific discoveries made with the help of GC have contributed to more plentiful and healthier food and longer and better lives for humans (6 -10) .
The properties of GC are that it is sensitive, rapid and precise, and provides good reproducible analysis; the advent of GC has led to the relatively specific, sensitive and rapid analysis of FAs (11, 12) . The resolutions of GC are affected by the polarity of the stationary phase, column length and detector type. Better resolution and separation are achieved when a packed column is substituted for a capillary column, and when stationary phase polarity and column length are increased (13 -15) . A flame ionization detector (FID) is a common detector for the detection of FAs from marine organisms in the early stages (16) (17) (18) (19) (20) (21) (22) (23) . GC -mass spectrometry (MS) is a valuable method that combines the features of GC and MS, which has been developed as a popular technology for determination of FAs from marine organisms (13-17, 22 -25) .The number and position of unsaturated bonds in FAs can easily be determined on a routine basis (5, 12, 13) . The related applications of GC are highlighted in this article.
Many marine organisms are known to be excellent dietary sources of highly saturated fatty acids (SFAs) and unsaturated fatty acids (UFAs), and especially of highly unsaturated fatty acids (HUFAs) and polyunsaturated fatty acids (PUFAs) (12 -16) . For example, among the HUFAs from seafood, omega-3 FAs cannot be synthesized by the human body but are vital for normal metabolism. Common sources of omega-3 FAs include fish, algal, squid and other marine organisms (13 -16) . The intake of PUFA has been relatively low in the human diet, primarily due to the low consumption of seafood, so the intake of HUFA from seafood should increase. Highlighting the composition of FAs from marine organisms is a valuable point for healthy diets.
The primary purposes of this review are to illustrate the development of GC technologies for the analysis of FAs from marine organisms and to focus on the composition of FAs in different marine organisms.
Gas chromatography techniques
GC is used widely to analyze FAs after derivatization to fatty acid methyl esters (FAMEs), and is used in applications involving the analysis of FAs in marine organisms. In their underivatized form, FAs can be difficult to analyze because these highly polar compounds tend to form hydrogen bonds, leading to adsorption issues. Reducing their polarity can make them more amenable for analysis (12, 16, 17) . To distinguish between the very slight differences among UFAs, the polar carboxyl functional groups must first be neutralized. This allows column separation by boiling point elution and by the degree of unsaturation, position of unsaturation, and even the cis versus trans configuration of unsaturation (21, 22) .
This section provides a brief overview of many GC techniques used in this field. Among these applications, the stationary phase and the GC detector will have the greatest impact on the analysis of FAs in marine products. Both factors are discussed, and their applications are described. Table I lists the columns and detectors applied in the GC analysis of FAs in marine products.
Stationary phase
To confirm identification, efficient capillary GC columns are required with the ability to resolve many peaks (14, 22) . These capillary columns exhibit high polarity, providing alternative selectivity for FAME applications typically performed on Omegawax, ionic liquid stationary phase and SP types of columns (12, 22, 23) . These columns provide highly reproducible analyses, particularly for the reproducibility of the FAME equivalent chain length values and resolution of key components (23 -25) . Table I lists the applications of these columns.
In 2002, Reuss and Poulsen used an Omegawax 320 capillary column to examine the component FAs of some marine fish and freshwater species and to compare the nutritional quality of marine fish with that of freshwater fish by comparing the levels of essential fatty acids (EFAs) (21) . In their study, the FA profiles included small amounts of odd-numbered, branchedchain and even-numbered FAs in addition to saturated components, monounsaturated fatty acid (MUFAs) and PUFAs. The major SFAs were myristic acid (C14:0) and palmitic acid (C16:0). Vaccenic acid (C18:1) was the prominent MUFA. The dominant PUFAs are the v-6 series, which are primarily found in conjugated linoleic acid (C18:2) FAs. The essential FA composition revealed the prominence of C18:3n -3 and linoleic acid (C18:2n-6). The primary branched-chain FAs included pentadecanoic acid (C15:0), C16:0, heptadecanoic acid (C17:0), C18:2 and arachidic acid (C20:0). The overall significance of this study was its revelation that marine fish have a regular FA composition and are better sources of v-3 EFA, whereas freshwater fish are a good source of v-6 EFA. Although omega-3 and omega-6 FAMEs have similar physical (such as boiling point) and chemical (such as chain length) properties, they can also be separated and detected. The Omegawax column provided highly reproducible analyses of the omega-3 and omega-6 FAMEs. Recently, ionic liquid columns were introduced and their high thermal stability was illustrated. The ionic liquid stationary phase has polarity and selectivity approximately equivalent to that of the trichloroethyl phosphate phase, which is higher than any polysiloxane polymer and polyethylene glycol phases. The combination of high polarity and selectivity, low bleed and a maximum temperature of 2308C results in a very effective column for the analyses of FAMEs. In 2011, Gu et al. tested ionic liquid stationary phases for one-dimensional GC-MS and comprehensive two-dimensional GC of FAMEs from algae (22) . Compared to polyethylene glycol and cyanopropyl substituted polar stationary phases, ionic liquid stationary phases (SLB-IL 82 and SLB-IL 100) showed comparable resolution but lower column bleeding with MS detection, resulting in better sensitivity. The selectivity and polarity of the ionic liquid phases are similar to a highly polar biscyanopropyl-silicone phase (e.g., HP-88). In GC Â GC, using a combination of an apolar polydimethyl siloxane Â polar ionic liquid column, the excellent group-type separation of FAs with different carbon numbers and levels of unsaturation was obtained, providing information complementary to GC -MS identification. Figures 1A and 1B show the results of the comparison.
The highly polar biscyanopropyl column was also designed specifically for the detailed separation of geometric (cis/trans) isomers of FAMEs (57) . This type of column is extremely effective for applications to FAME isomers. Under the conditions commonly applied to trans fatty analyses by GC, FAs naturally occurring in marine lipids can overlap chromatographically with C16 and C18 trans FAs, leading to false positives. In 2011, Mjøs and Haugsgjerd examined the elution patterns by tracking the retention indices under shifting temperature conditions on two cyanopropyl-coated capillary columns (57) . Most overlaps were avoided by selecting the correct chromatographic conditions. In total, 17 compounds were identified as potential interferents, and the amounts of these compounds were quantified in various samples of a marine origin.
Detector
The detector is used to indicate the solute components and measure the amount of each component in the column effluent. The mass spectrometer and flame ionization detector are primarily combined with the GC analysis of FAs in marine (Table I) . Van Pelt et al. reported the structural determination of an octaene fatty acid, octacosaoctaenoic acid (28: 8n -3) (14) . The molecular weight and double bond locations were determined using acetonitrile chemical ionization MS and tandem mass spectrometry (MS-MS). Figure 2A shows a GC -MS chromatogram of methyl esters of FAs derived from the heterotrophic marine dinoflagellate, C. cohnii, from commercial oil. The chromatogram showed a large peak at 34 min, which was previously unreported in this oil. This peak consistently yielded a strong mass spectral peak at m/z 476, as shown in Figure 2B . Subtracting 54 daltons due to the reagent group yielded an FAME with a molecular mass of 422 corresponding to 28 carbons and eight double bonds, C28:8. MS-MS was performed on the isolated (M154) ion at m/z 476. Figure 3 shows that collisional dissociation produces a series of nine fragments corresponding to the cleavage of double bonds. This strongly suggests the structure of octacosaoctaenoic acid (C28:8n-3). Hoffmann et al. used capillary GC -FID to determine the fatty acid profiles of many Vibrio strains (20) . The major fatty acids of the Vibrio strains evaluated in their study were straight-chain lauric acid (C12:0), C14:0 and C16:0, and unsaturated palmitoleic acid (C16:1v7c), vaccenic acid (C18:1v7c) and C14:0 3-OH/iso-palmitoleic acid (C16:1). Figure 4 gives an example of a chromatogram of FAs for a Vibrio isolate identified as V. parahaemolyticus.
FAs in Marine Organisms
FAs constitute the essential part of triglycerides and wax esters, which are the major components of fats and oils in marine organisms (37, 40) . FAs have considerable importance and have attracted increasing interest regarding their promising biological activities (46) . Various fatty acids occur in marine organisms, e.g., saturated, mono-and diunsaturated, branched, halogenated, hydroxylated, methoxylated and non-methyleneinterrupted. Various unprecedented chemical structures of FAs and lipid-containing FAs have recently been discovered, particularly from the most primitive animals, such as sponges and gorgonians (30, 31) . This review of marine samples concerns the field of FAs over the last decade, as listed in Table II .
Marine animals
Marine animals are a primary food source for humans. Many marine fatty fish species are excellent dietary sources of HUFAs and PUFAs (19, 61) . Huynh and Kitts investigated eight fish species common to Pacific Northwest coastal waters categorized as lean and oily fish (19) . Generally, these fish species from the Pacific coast had a relatively high proportion of n-3 HUFAs, of which more than 80% were accounted for by C20:5n -3 [eicosapentaenoic acid (EPA)] and C22:6n-3 [docosahexaenoic acid (DHA)] with significant species-specific and lower proportions of oleic acid (C18:1n-9) and C16:0. The MUFA contents of fish were lower in the lipids of lean and lowfat fish than those in fattier species. In contrast, higher proportions of PUFAs existed in lowfat species with DHA contents in lowfat fish and fattier fish, such as herring and capelin. Expressing the same data regarding FA content in terms of the absolute amount of FAs showed that both the EPA and DHA contents in the flesh of pollock and hake were many times lower than those found in fatty fish, such as herring.
Rossi et al. examined fatty acids in the physonect siphonophore, Nanomia cara (N. cara), two crustacean zooplankters (stage V copepodites of the calanoid copepod Calanus finmarchicus and adult euphausiids, Meganyctiphanes norvegica) and seston to identify any trophic links in the Georges Basin and Oceanographer Canyon, northwest Atlantic (30) . Fatty acids transferred from the two species of crustaceans to N. cara included the same four FAs, along with three PUFAs found in relatively high concentrations in both crustaceans, i.e., eicosatrienoic acid (C20:3n-6), C20:5n-3 and C22:6n -3. In addition, C18:1n -9, which occurred in relatively high concentrations only in M. norvegica, and stearic acid (C18:0) and C18:2n-6, which were found in low concentrations in both crustaceans, also appeared to be transferred to N. cara.
In another study, Wetzel and Reynolds reported the results of FA analyses of bowhead whale (Balaena mysticetus) blubber using picolinyl ester derivatization followed by GC -MS analysis (17) . This approach allowed the structural confirmation of 45 different FAs in a blubber sample.
Marine plants A few thousands of species of marine algae comprise a considerable part of the biomass of the ocean. Many algal species have long been used as human food and sources of valuable substances. Marine algae are rich in PUFAs and potential sources of EFAs, which are important in human nutrition.
The FA profiles provide a uniform and stable chemotaxonomic character for raphidophyte algae (15). Marshall et al. examined the fatty acid compositions of 12 marine raphidophyte strains to compare these with previous molecular and chemotaxonomic studies, and to resolve the distinguishing features among the four genera (Chattonella, Heterosigma, Fibrocapsa and Olisthodiscus) and three species of Chattonella. In their study, the FA profiles allowed clear discrimination among the raphidophyte genera Chattonella, Heterosigma, Fibrocapsa and Olisthodiscus, but exhibited little differentiation for individual Chattonella species (C. marina, C. antiqua and C. subsalsa). The FA profiles do not support the separation of Chattonella antiqua and C. marina as distinct species. Ecophenotypic variations in the lipid profiles were also observed between Chattonella strains from different geographic locations. High levels of EPA were present in all raphidophyte species.
Napolitano et al. analyzed the FA composition of phytoplankton during the development of seasonal algal blooms in the Bahia Blanca estuary (32) . Their study showed that despite the obvious differences between the two environments and the analytical approaches employed in each case, the analyses of FA biomarkers can provide relevant ecological information. The FA composition of the lipids of Bahia Blanca phytoplankton (high concentrations of the fatty acids C14:0, C16:1n -7, Figure 2 . A section of the GC -CI-MS (acetonitrile) total ion chromatogram from a FAME mixture of an extract of C. cohnii oil (A); mass spectrum from the latest eluting peak in Figure 2A , producing a base peak at m/z 476, (M þ 54) ion of 28:8 (B) (14) . (continued) C16:4n -1 and C20:5n -3) reflected the presence of diatoms as the major component throughout the bloom. C18:2n -6, a typical terrestrial fatty acid, was conspicuous in the lipids of the post-bloom particulate matter of the Bahia Blanca estuary. Diatom markers were also prominent in the lipids of the prebloom and bloom phytoplankton at Sunnyside. The post-bloom phytoplankton showed higher proportions of C18:0, C18:1n -9 and stearidonic acid (C18:4n-3), which is characteristic of the major FAs of dinoflagellates.
Marine microorganisms
Marine microorganisms produce a range of biologically active compounds with unique chemical structures that are not found among the metabolites of terrestrial microorganisms (62, 63) . The biosynthesis of such compounds is a consequence of various marine adaptations that are characteristic of marine microorganisms. One factor for such adaptations might be the extracellular FAs of marine microorganisms, which alter the viscosity of membranes by distributing into the lipid bilayer of cell membranes or by incorporation into the FA part of membrane phospholipids. FAs can alter the membrane permeability of low molecular weight compounds that play an important role in the interspecies relationships of organisms living in marine environments. The FA composition of marine microorganisms is an important area of study. Rontani et al. examined the fatty acid composition of 12 strains of marine aerobic anoxygenic phototrophic bacteria belonging to the genera Erythrobacter, Roseobacter and Citromicrobium (38) . GC-MS analyses of different types of derivatives were performed to determine the structures of the primary FAs present in these organisms. The rare 11-methyloctadec-12-enoic acid and 12-methyloctadec-11-enoic acid were contained in all the analyzed strains. Large amounts of the very unusual octadeca-5,11-dienoic acid was present in nine of the analyzed 12 strains. The enzymatic peroxidation of the allylic carbon 10 of cis-vaccenic acid was observed in three strains.
Khudyakova et al. examined the FA composition of marine fungi isolated during an expedition of the research vessel Akademik Oparin, and the composition of fractions of extracellular FAs from strains of the facultative marine fungi Penicillium puberulum Bainier, P. islandicum Sopp and Verticillium tenerum Nees and three strains of the fungal group Anamorphic fungi (Agonomycetes) (37) . This study showed that the composition of FAs from two strains of P. islandicum contained large amounts of SFAs and UFAs. The strain P. puberulum synthesized a large percentage of SFAs (89.34%). This species had a lower content of unsaturated FAs than P. islandicum. The FA composition of V. tenerum and two strains of Anamorphic fungi (Agonomycetes) associated with holothuria lacked UFA and had high saturated acid contents. A strain of Anamorphic fungi (Agonomycetes) synthesized a dichloro-containing acid, C18:0. Chloro-containing FAs were reported to be minor components of marine fungi.
Conclusions
During the past decade, GC applications have obtained good results in the analysis of FAs from marine organisms. MS and FID detectors are the most popular tools for the detection of FAs. Excellent resolution can be achieved by GC -GC or GC -MS when a highly polar and long capillary column is used. With the development of GC technology, discoveries of new FAs from marine organisms will be increased. The FAs from marine organisms are different in terms of types. An extensive literature survey revealed that marine organism species are excellent dietary sources of highly saturated, monounsaturated and polyunsaturated FAs. There is a great potential to utilize seafood to develop valuable functional foods with healthy benefits for humans. 
